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INTRODUCTION
Unconventional gas reservoir is a term commonly used to refer to a low permeability reservoir that produces mainly dry natural gas. Horizontal drilling technology is used to increase drainage area and productivity of the low permeability reservoirs. In the last several years, using horizontal drilling technology in oil exploration, development, and production operations has grown rapidly. It is becoming a larger percentage of the development wells. Horizontal drilling with multiple hydraulic fracturing has become the key techniques to achieve economic production from unconventional reservoirs. The hydraulic fracturing is a stimulation technique which is used to increase permeability in a formation.
Horizontal wells with multiple hydraulic fractures have recently become the key technology to achieve economic production from shale gas reservoirs. However, the production data available from these horizontal wells only reflect the short-term recovery. Production ratio can be used to estimate the long-term recovery for the horizontal wells. This thesis will be a new study on the production analysis of the Marcellus Shale using reservoir simulation and history matching techniques.
Unconventional reservoirs play huge roles in hydrocarbon production in the United
States. Marcellus shale that is found in the Appalachians has shown remarkable promise in the past few years. Marcellus shale formation is expected to be an important contributor to the natural gas supply of the United States. Unconventional reservoirs such as Marcellus shale present several challenges compared to conventional reservoirs. The first challenge is that shale formations have dual porosity or naturally fractured formations. This naturally fractured reservoir contains two storage volumes for hydrocarbons; the rock matrix and natural fractures.
The adsorbed gas is considered as the second challenge in the unconventional reservoirs.
Adsorbed gas is contained within organic material in the shale. These two major differences between conventional gas reservoirs and shale gas reservoirs can have a noticeable impact on production performance.
CHAPTER 2

Literature Review
2-1 Conventional & Unconventional Reservoirs
Conventional reservoirs are essentially medium to high permeability reservoirs. Therefore, they can produce at the commercial flow rate without stimulation treatments or any special recovery process. The unconventional reservoirs cannot be produced at an economic flow rate. The low permeability reservoirs such as shale gas, tight sand, and coal bed methane require stimulation treatments to improve the permeability. Thus, horizontal drilling and hydraulic fracturing are technologies for production from the low permeability reservoirs at an economic flow rate.
The concept of the resource triangle is very useful in understanding the distribution of gas reservoirs and the factors which affect them was used by Master 's, (1979) . Figure 2 -1 illustrates the resource triangle for conventional and unconventional reservoir. Conventional reservoirs are small in size and easy to develop, but often hard to find. The unconventional reservoirs with large volumes of oil or gas in place are generally much more difficult to develop.
Unconventional reservoirs need high technology and are much more costly to develop. Due to gas demand and increasing gas prices, the unconventional gas reservoirs can be developed to meet the demand. 
2-2 Shale gas
Shale is a type of clay or mud that can easily split into layers. These layers were compressed by formation pressure or other geological circumstances and turned into a fine-grained sedimentary rock. Shale formations function as source rocks and seals for conventional reservoirs. Gas migrates from source rock to sandstone or carbonate reservoirs. There, gas is accumulated and trapped in the 6 sandstone resulting in a gas reservoir. Shale gas reservoir is defined as highly organic formation having permeability ranging from 0.1 mD to 10-7 mD. (Siripatrachai and. Ertekin, 2011) In shale gas reservoirs, gas can be stored in three forms: free gas in matrix pores which has the majority of gas storage in the formation but with a very low permeability, free gas in fractures with a higher permeability but low storage capacity, and adsorbed gas on the surface of shale as it illustrates in Figure 2 -3 below. Adsorbed gas can be primarily characterized by two parameters:
Langmuir Volume (V ) and Langmuir Pressure (P ). Gas produced from shale is mostly methane, but some are wet gas. (Song and Economides, 2011) The adsorption / desorption mechanism is governed by Langmuir isotherm where two properties are associated with: Langmuir volume or gas content (VL) and Langmuir pressure (PL).
The mathematic expression of this model is:
Langmuir Pressure and Langmuir Volume are needed to describe the adsorption/desorption of a particular reservoir rock. 
2-3 Horizontal Drilling
Horizontal drilling is the process of drilling a well from the surface to a subsurface location just above the target oil or gas reservoir called the "kickoff point", then deviating the well bore from the vertical plane around a curve to intersect the reservoir at the "entry point" Horizontal wells are preferable more than vertical wells when drilling in a Marcellus shale reservoir which is going to be hydrofraced because of two reasons. The first reason is that, the natural fractures in Marcellus shale are vertical and when a vertical well is drilled in this reservoir, very few vertical fractures are intersected. However, the horizontal well intersects many of the vertical fractures. Another major reason is that a hydraulically fractured horizontal well will most likely outperform a hydraulically fractured vertical well in a shale reservoir.
Although, horizontal wells are preferred to vertical wells for the Marcellus formation, it is important to know that they are more expensive than vertical wells. An average newly drilled horizontal well costs about 1.5 to 2.5 times more than a vertical well (Joshi, 1988) . On the other hand, the productivity of the horizontal well is 2 to 5 times larger than the vertical well (Joshi, 1988) . Thus, for the given economic gas rate limit, horizontal wells could be produced with up to half to one-third reservoir pressure as compared to the reservoir pressure required for economic production from a vertical well (Joshi, 1988) .
2-4 Hydraulic Fracturing
Well stimulation is a well intervention performed on oil and gas wells to increase production by improving the flow of hydrocarbon from reservoir to wellbore. There are mainly two well stimulation methods  Matrix Acidizing  Hydraulic Fracturing.
Matrix Acidizing is a stimulation technique in which acid solution (HCL, mixture of HCL & HF) is injected into a formation to dissolve some minerals. The process of hydraulic fracturing is very vital in unconventional reservoirs (For example, Marcellus shale) if it is to be commercially produced. Hydraulic fracturing is used to create a flow path in a gas reservoir that can facilitate the fluid flow of natural gas to a producing well.
Marcellus shale has low connectivity and restricted pore volume that impedes the flow of natural gas through the reservoir. Therefore, it is usually fractured by injecting a fluid containing sand or other proppant under specific pressure to efficiently create fractures in the rock through which the natural gas can easily flow.
According to Schlumberger, slick-water (a low viscosity water based fluid) and proppant can be used for deeper high-pressure Marcellus shale with increased production, while nitrogen foamed fracturing fluid is more applicable to shallower low-pressure shale. Caution is necessary to contain the fractures within the specified gas reservoir to avoid intersecting adjoining aquifers that would introduce excess water into the gas producing zone. In order to increase the success rate of the hydraulic fracture significantly and have an effective stimulation, a long and conductive fracture will have to be created. This is because the shale reservoirs have ultra-low permeability. Figure 2 -6 illustrates how hydraulic fracturing process is implemented. 
2-4-1 Types of Hydraulic Fractures
There are two different types of hydraulic fractures that can be created in a reservoir. (Soliman, 1999) 
2-4-2 Dimensionless Fracture Conductivity
The placement of a horizontal well in the formation can impact the stimulation of the well significantly. In reality, there is a difference between the horizontal wells and the lateral wells. These horizontal wells take about 75 to 85 degree angles using the upward or downward dips and assume the trend of the formation. Talking about producing from a hydraulically fractured horizontal well includes very important variables like reservoir permeability, reservoir pressure, wellbore length, well drainage area and fracture orientation (in-situ stress and fracture direction).
Hydraulic fracturing is often used in low permeability reservoirs which is not capable of reaching economic production rates. This is very different in character to the naturally fractured reservoirs that are classified as having a dual porosity. In general, hydraulic fractures are characterized by four variables: fracture half-length ( ), fracture width (w), formation permeability (k) and proppant pack permeability ( ). These four characteristics make up the dimensionless fracture conductivity. Dimensionless fracture conductivity along with fold of increase (FOI) in productivity are two very important factors to be considered when creating a hydraulic fracture. Dimensionless fracture conductivity less than 10 is considered poor, while a value between 10 and 50 is considered to be good, and any value beyond 50 is considered to have excellent dimensionless fracture conductivity (Gidley, 1989 ).
= … … … … … … . (2)
Unlike natural fractures, hydraulic fractures are almost entirely vertical generally and they cut through the thickness of a reservoir, thereby, increasing the chances of hitting the pay zone. 
CHAPTER 3 OBJECTIVE AND METHODOLOGY
The primary objective of this research was to estimate the ultimate gas recovery from horizontal wells with multiple hydraulic fractures in shale formation by using early production history. In order to accomplish these objectives the following procedures were followed:
1) A base model was developed to predict the long term production behavior of a Marcellus shale reservoir.
2) The model was utilized to develop a correlation between the early production and ultimate gas recovery form a Marcellus shale reservoir.
3) The impacts of various reservoir parameters including fracture half length ( ), fracture permeability ( ) and matrix porosity (ϕ) on the correlation between the early production and ultimate gas recovery were investigated.
4)
To evaluate the reliability of the correlation, the predicted ultimate gas recoveries for 2 horizontal Marcellus shale wells based on the actual production data using the correlation were compared against the predicted ultimate gas recoveries from the history matched models.
3-1 Data Collection
All of the necessary production data for the Marcellus Shale wells was obtained from West Virginia Geological Survey database available on-line. The completion records were also obtained from various sources. There were more than 51 horizontal wells in Marcellus Shale for which some information was available through West Virginia Geological Survey database. The production data for majority of these horizontal wells were unavailable. In addition, some of the well had production data which exhibited a lot of fluctuations. This can be for many reasons including changing bottomhole pressures and equipment problems. For this particular study, 3 horizontal wells in Upshur and
Marshall Counties that had a long and smooth production history were selected. Table 3-1 summarizes the information for the selected wells. 
3-2 Development of the Base Model
The base model is an essential part of this study because it will provide the starting point for successful history matching. The length and width of the reservoir was selected based on the length of horizontal lateral. The reservoir thickness was obtained for some of horizontal wells using the "Pay Zone" data from the West Virginia Geological Survey database.
The natural permeability and natural porosity were assumed based on the typical characteristics of the Marcellus Shale. It should be noted that the natural fracture and matrix permeability in vertical (z) direction was assumed to be 1/10 of the permeability in horizontal (x and y) direction. Table 3 -2 summarizes the base model parameters for Well#1 that were used in this study. Typical properties were also assigned to hydraulic fracture. The hydraulic fracture properties generally impact the initial production rate. For example, increasing the permeability of the hydraulic fracture would yield a significantly higher initial production rate. The impact of fracture half-length is however more significant and influences production performance for longer period of time.
Minimum Bottom-hole pressure ( ) was assumed to be 500 psia. The value for Langmuir pressure ( ) and Langmuir volume ( ) have been defined as it showed in Table 3 -2.
Langmuir volume ( ) is the maximum gas volume which can be adsorbed. Langmuir pressure ( ) represents the pressure at which the gas storage capacity equals one half of the maximum storage capacity.
3-3 History Matching
History matching was initiated with the base model and the final match was achieved by varying the key parameters such as reservoir drainage area, fracture half-length, matrix permeability, natural fracture permeability and the flowing bottom-hole pressure. In this part of the study, history match was achieved for horizontal well. 
3-4 Production Ratio
The production ratio between late production and the first two years for different fracture half-length was calculated in order to find a correlation that help to estimate the recovery in unconventional gas reservoirs. Figure 3-3 
RESULTS AND DISCUSSIONS
4-1 Horizontal Well #1
This well is located in Upshur County. The thickness of this well is about 75 ft. it has been taken from thickness map of Upshur County. In addition, the length of this reservoir is about 3000 ft.
which is provided from well data section of West Virginia University Geological Survey. As a result the rectangular drainage area for this reservoir is assumed to be 4000×2000 ft 2 in dimensions. The initial reservoir pressure was 3000 psia. Different parameter has been changed to get a history match for horizontal well#1. Figure 4 -1 illustrates the final history matching. To obtain a good history match for this well, fracture half length ( ) was reduced from 500 ft. to 400 ft. fracture half-length has huge impact on the production. If fracture half-length increases, the production will increase as it illustrates in Figure 4 -2. Moreover, the natural fracture permeability was reduced from 0.002 md to 0.001 md to get history matching. The permeability of the hydraulic fracture has been decreased from 10,000 md to 20,000 md. The hydraulic fracture permeability generally impacts the initial production rate.
The well has 8 hydraulic fracture stages and the spacing between each fracture is about 500 ft. and the location of the horizontal well is at the center of the rectangular reservoir. Xf=350ft.
Xf= 500ft.
Production Data
4-2 The Impact of different parameters on the ratio
In order to come up with a good correlation to estimate the recovery from the early production data, the impact of different parameters was investigated. This investigation included fracture half length, fracture permeability, number of fractures and matrix porosity.
4-2-1 The Impact of the Fracture Half Length ( )
In the early period of production the ( ) value does not affect the production since the production is coming from the near drainage area. However, late production will increase as the fracture half-length value increases because at that time, the gas will be produced from far bigger drainage area. Figure 4 -3 illustrates the impact of different value of X f on the production ratio. In this well, the value of natural fracture permeability and number of fractures were changed while the other factors remained constant to observe its impact on the correlation. This investigation found out that, fracture permeability doesn't affect the ratio while the ratio increases as the number of fractures increases. Figure 4 -4 illustrates the impact of ( ) and number of fracture on the ratio. Phi=0.05
Phi=0.04
4-3 Evaluation of the correlation
The predicted ultimate gas recoveries for 2 horizontal Marcellus shale wells based on the actual production data using the correlation were compared against the predicted ultimate gas recoveries from the history matched models. The history matching and the results for Well #2 are shown in Figure 4 -6 and Table 4 -2 respectively. Figure A-1 and Figure A -2 that were used to get the ratio are in Appendix A. The history matching and the results for well #3 are shown in Figure 4 -7 and Table 4 -3 respectively. Figure A-3 and A-4 that were used to get the ratio are in Appendix A. 
